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Platinum and microspherule peaks 
as chronostratigraphic markers 
for onset of the Younger Dryas 
at Wakulla Springs, Florida
Christopher R. Moore 1*, Mark J. Brooks 1, James S. Dunbar 2, C. Andrew Hemmings 2, 
Kurt A. Langworthy 3, Allen West 4, Malcolm A. LeCompte 5, Victor Adedeji 6, 
James P. Kennett 7 & James K. Feathers 8

Anomalous peak abundances of platinum and Fe-rich microspherules with high-temperature minerals 
have previously been demonstrated to be a chronostratigraphic marker for the lower Younger Dryas 
Boundary (YDB) dating to 12.8 ka. This study used Bayesian analyses to test this hypothesis in 
multiple sequences (units) of sandy, weakly stratified sediments at Wakulla Springs, Florida. Our 
investigations included platinum geochemistry, granulometry, optically stimulated luminescence 
(OSL) dating, and culturally dated lithics. In addition, sediments were analyzed using scanning 
electron microscopy and energy dispersive x-ray spectroscopy to investigate dendritic, iron-rich 
microspherules previously identified elsewhere in peak abundances at the onset of the Younger Dryas 
(YD) cool climatic episode. Our work has revealed this abundance peak in platinum and dendritic 
spherules in five sediment sequences at Wakulla Springs. A YDB age of ~ 12.8 ka for the platinum 
and spherule chronostratigraphic datum in these Wakulla Springs sequences is consistent with 
the archaeological data and OSL dating. This study confirms the utility of this YDB datum layer for 
intersequence correlation and for assessing relative ages of Paleoamerican artifacts, including those 
of likely Clovis, pre-Clovis, and post-Clovis age and their possible responses to environmental changes 
known to have occurred during the Younger Dryas cool climatic episode.

Early work by Jones1; Jones and Tesar2 at Wakulla Springs demonstrated that deeply buried archaeological depos-
its are present adjacent to the spring and have great potential to assist with the understanding of Florida’s early 
Paleoamerican occupation. In 2017 and 2018, a geoarchaeological study of Wakulla Springs sites (8WA329 and 
8WA1221) was undertaken to describe the site sediments, interpret formation processes and archaeostratigraphy, 
and establish a geochronology of multiple archaeological deposits containing Paleoamerican artifact assemblages. 
Our geoarchaeological investigations included the excavation of multiple sediment columns specifically to study 
the granulometry and platinum geochemistry of select excavation unit profiles. The sandy sediments at Wakulla 
Springs contain insufficient organic material required for radiocarbon dating, and hence, samples were collected 
for optically stimulated luminescence (OSL) dating. Also, sediments from two unit profiles were examined for 
magnetic iron-rich microspherules.

In investigations of abrupt climate changes during the last Glacial episode, the Allerød/Younger Dryas bound-
ary (the onset of YD or GS-1) was dated in the Greenland Ice Core record to 12,896 ± 4 years (maximum 
counting error of 138 years) (Rasmussen et al.3). Prior to this, Petaev et al.4 identified a ca.12,800-year-old 
platinum anomaly peak at the YD onset in the Greenland ice sheet. They proposed that the peak abundances 
were produced by a cosmic impact event. Later in 2017 and again in 2019, this same Pt anomaly was observed in 
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multiple sequences across North America by Moore et al.5,6 and at a site in Syria7–10. We here investigate whether 
a platinum anomaly is present in the Wakulla Springs site and whether it can be employed as a chronostrati-
graphic marker for identifying the lower Younger Dryas Boundary (YDB) at ca. ~ 12,800 cal BP. Furthermore, 
we investigated whether the platinum anomaly can assist in determining depths at which early Paleoamerican 
artifacts may be located. We also analyzed sediment samples for the presence of iron-rich microspherules that 
have also been reported in association with sediments dating to the YD onset, both across North America and 
globally, and are also proposed to provide evidence of a cosmic impact or airburst event5–21. This investigation 
focused on testing the utility of peak platinum and microspherule anomalies as chronostratigraphic markers 
rather than their potential origins. See Supplementary Table 1, “List of Important YDB Papers (pro and con).” 
Below, we present results based on the analysis of multiple data sets we generated from 7 separate sequences 
collected during several years of fieldwork at Wakulla Springs sites 8WA329 and 8WA1221.

Study site
Wakulla Springs State Park lies approximately 15 miles south of Tallahassee in Wakulla County, Florida (Fig. 1). 
The Wakulla River is derived from the springhead which flows at a rate of approximately 154 cubic feet per 
second (US Geological Survey; USGS website). Springs are common throughout the karst regions of Florida 
and numerous springs occur in this area. It is uncertain if the spring was completely exposed during the early 
human Paleoamerican occupation of the springs; however, abundant evidence of extinct vertebrate remains near 
the spring, including the American mastodon (Mammut americanum) and southern mammoth (Mammuthus 
columbi), support the “watering hole” model originally proposed by Wilfred Neill22 and expanded by Dunbar23,24.

Investigations at the nearby Page-Ladson site in the Aucilla River indicate that inland water tables fluctuated 
with late Pleistocene climate oscillations. Substantially cooler and drier conditions during Glacial and Hein-
rich intervals resulted in reduced freshwater availability for animals and early Paleoamericans (Dunbar25,26; 
Thulman27; Webb28). During Modern-analog climate conditions of the last glacial recession, water tables rose to 
near-modern levels and rivers began flowing again.

Ponds, lakes, and streams would have been less abundant across the landscape during the drier last glacial 
episode compared with the Holocene, when inland water tables were higher and had reached a relatively steady 
state. The resulting decrease in available surface waters during drier climatic conditions of the latest Pleistocene 
made Wakulla Springs an ideal environment for exploitation by Florida’s early inhabitants. This would have been 
especially the case during drought conditions marking the transition from Heinrich I to the Bølling/Allerød 
Interstadial in Florida (Dunbar23).

The Wakulla Springs Archaeological and Historical District (8WA315) encompasses 61 archaeological 
sites distributed over nearly 3000 acres. Almost every cultural or temporal group represented in the northwest 
region of Florida left evidence of at least an ephemeral occupation of Wakulla Springs (Milanich29). Excavations 
by the Aucilla Research Institute, Inc. at Wakulla Springs in 2017 and 2018 included multiple blocks consist-
ing of 2-m × 2-m grid squares. These grid areas were placed in areas determined in 2015 to exhibit artifact 

Figure 1.   Wakulla Springs Site location, northern Florida. LiDAR map was produced in Global Mapper 
(v.19.1), https://​www.​bluem​arble​geo.​com/​global-​mapper/.

https://www.bluemarblegeo.com/global-mapper/
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concentrations west and north of the lodge. An important objective of the work at Wakulla Springs is to better 
define chronologically the early Paleoamerican Clovis, Suwannee, and Simpson technocomplexes widespread 
in Florida but which lack precise chronological control (Supplementary Fig. 23). The work at Wakulla Springs 
also figures prominently in the debate over the pre-Clovis occupation of Florida (e.g., Page Ladson Site on the 
Aucilla River) (Halligan et al.30; Dunbar23,24).

In our research, excavation units were divided into quadrants, designated southwest, northwest, northeast, 
and southeast and each was excavated and screened separately. The upper layer of organic material and gray 
humus, called the “duff ” layer, was removed as one 30-cm-thick level and screened through 1/4′′ and 1/16″ mesh 
to recover all archaeological material. Each unit was excavated by quadrant in arbitrary 15-cm-thick levels until 
reaching sediment below the disturbed duff levels, at which point 10-cm-thick and eventually 5-cm-thick levels 
were excavated. A geoarchaeological sampling of completed unit profiles included sediment columns that were 
sampled continuously at 2.5-cm intervals. Geoarchaeological analyses included OSL dating, sediment geochem-
istry, granulometry, and analysis of processed sediment samples for iron-rich microspherules.

Ages of sequences
Luminescence dating (OSL)
Luminescence dating was conducted on 17 samples from 6 Test Units at 8WA329 and 8WA1221 (Fig. 2) at the 
Luminescence Dating Laboratory, University of Washington. Luminescence dates sediments to their last exposure 
to light. It is based on the build-up of absorbed energy in minerals, such as quartz and feldspar, from natural 
radioactivity. This energy is released, in part, by light called luminescence when exposed to the sun, a process 
called bleaching. Upon burial, the absorbed energy accumulates again and can be measured in the laboratory by 
exposure to artificial light. The measured luminescence intensity is translated into what is called an equivalent 
dose by measuring its sensitivity to laboratory doses. Dividing the equivalent dose by the natural dose rate yields 
an age. The equivalent dose can be measured on individual grains of quartz or feldspar producing a distribu-
tion of equivalent dose values. For well-bleached, unmixed samples, this distribution should be rather narrow, 
especially if possible differences in dose rate at the scale of single grains are taken into account as was done here.

The results on the Wakulla Springs samples, using fine quartz sand grains, show a broad distribution. Since 
eolian sediments are usually well bleached, this suggests significant mixing of sand grains, making estimation 
of the true burial age difficult. The structure of the distributions was evaluated using a finite mixture model 
(Galbraith and Roberts31), which uses maximum likelihood to divide the distribution into components, each of 
which is statistically consistent with a single value. The model is most effective where the dose rate varies little 
with depth, as is the case for these sequences. The model requires the input of an over-dispersion value considered 
typical of a single-age distribution. Over-dispersion is a measure of spread and can be thought of as the percent-
age of grains whose equivalent dose values cannot be accounted for by measurement error. Over-dispersion 
values of 10 to 15% were used for these samples, slightly more than that obtained in dose recovery experiments. 
Dose recovery involves measuring the equivalent dose on single grains that have been given the same dose. The 
two most abundant components are illustrated in the radial graphs (Supplementary Figs. 24–40) in the sup-
plementary material “OSL Radial Graphs.” It is important to assay whether the components represent different 
ages of the grains rather than variable dose rates at the scale of single grains. Variable dose rates to quartz grains 
are often caused by differential distribution of beta emitters, notably 40K in potassium feldspars. The potential of 

Figure 2.   Archaeological Test Units sampled for this study. WH1 ~ 1 km to the east. LiDAR map was produced 
in Global Mapper (v.19.1), https://​www.​bluem​arble​geo.​com/​global-​mapper/.

https://www.bluemarblegeo.com/global-mapper/
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this was modeled for these samples following Chauhan et al.32, similar to that described in Feathers et al.33. By 
this model, it was found that the structure of the distributions was too broad to be explained by differing dose 
rates. Thus, the best explanation is that the resulting differences in values do indeed represent different ages, 
best accounted for by post-depositional mixing. The different components do not necessarily represent discrete 
groups, although the radial graphs for many samples suggest modality. The components could just mean groups 
isolated from a continuum by the restraints of the model.

All samples exhibit multiple age components, which is common for such sandy sediment sequences (Moore 
et al.34). This mixing almost certainly resulted from bioturbation and physical processes, as well as anthropogenic 
disturbance by prehistoric and even modern occupants. The most likely age estimates based on OSL dating, 
collected from PU1 (n = 2), KU4 (n = 3), PU15 (n = 2), PU7 (n = 3), PU23 (n = 4), and WH1 (n = 3) are given in 
Table 1. Radial graphs for all samples are shown in Supplementary Information “OSL Radial Graphs”.

The different age components are used to evaluate the age of each sample. Other information, such as stra-
tigraphy and artifacts, are used to select components most likely to represent the depositional age. We also have 
well-dated YDB microspherule and platinum peaks at more than 40 sites across 5 continents that, when pre-
sent, provide useful chronostratigraphic anchors for selecting OSL age components (e.g., Wittke et al.14; Moore 
et al.5,6). The ages can thus be constrained by artifacts, stratigraphy, and the platinum and microspherule peaks. 
This evidence converges to produce a useful chronology.

PU1 grain ages are mixed, suggesting a high degree of vertical mixing, with a large proportion of young grains 
even at depths of 90 and 130 cm below the surface (cmbs). Nevertheless, grain groupings in each of these samples 
provide ages that are consistent with sample depth and generalized archaeostratigraphy (Fig. 3 and Table 1). A 
grouping from 90 cmbs has an age of 10.3 ± 1.2 ka, consistent with the archaeological evidence. Additionally, 
one grain component at 130 cmbs has an age of 20.6 ± 2.74 ka.

PU7 age estimates occur in regular stratigraphic order ranging from Early Archaic (early Holocene) to Last 
Glacial Maximum (LGM) in age (Fig. 4 and Table 1). The youngest sample at 93 cmbs has a component in which 
37% of the grains provide an age of 11.3 ± 1.43 ka, consistent with the archaeological evidence. For the middle 
OSL sample (110 cmbs), the most abundant component (44% of the grains) provides an age of 12.5 ± 1.2 ka that 
is consistent with and overlaps the Younger Dryas onset time frame. The deepest OSL sample (133 cmbs), is 
stratigraphically older. Its largest component (56% of the grains) provides an age of 22.4 ± 2.3 ka.

For KU4, the equivalent dose values of the deeper two samples (96 cmbs and 1.11 m below the surface (mbs) 
are bimodal in distribution. The shallower sample (at 90 cmbs) has a more continuous distribution. The most 
likely age estimate for the 90 cmbs sample (12.0 ± 1.29 ka) is based on the central age model (which computes 
the central tendency of the whole distribution). For the sample at 96 cmbs, the older grain component provides 
an age of 9.66 ± 1.01 ka (10.67 to 8.65 ka) which is associated with but post-dates a Clovis-like point recovered 
at that depth (Fig. 5 and Table 1). For both the 90 and 96 cmbs samples, only about 40% of grains are consistent 
with these ages. The deepest OSL sample (1.11 m below surface) exhibits mixed ages that include a distinctly 
older component of 20.5 ± 1.88 ka (representing 37% of the grains) and a younger component of ca. 9 ka that is 
clearly out of stratigraphic order. The 20.5 ka burial age estimate is preferred for the deepest sample due to the 
stratigraphic consistency for the two younger OSL ages higher in the profile, and the presence of ca. 20 ka OSL 
dates at similar depths in other excavation units. Very few older grains occur in this sample, suggesting that the 
20.5 ka age is the maximum limit. Several grains of this age are even upwardly mixed into the other two younger 
OSL samples. Discounting these older grains, 50–75% of the grains are consistent with the ca. 10–12 ka ages for 
the two younger samples.

For the PU15 sample at 120 cmbs (just above the in-situ weathered limestone), the most common component 
is the oldest, providing an age estimate of 32.6 ± 3.0 ka (Fig. 6 and Table 1), but only accounting for 28% of the 
grains. However, another component for this sample (20–24% of total grains) provides an age of 12.9 ± 1.35 ka. 
A second OSL date at 1.025 mbs provides a similar age estimate of 12.8 ± 1.18 ka with 20–24% of the total grains.

PU23 OSL samples were collected at 90, 103, 120, and 185 cmbs. Most likely burial age estimates are 
9.09 ± 1.19 ka for the 90 cmbs sample, 12.6 ± 1.55 ka for the 103 cmbs sample, 25.7 ± 3.44 ka for the 120 cmbs 
sample, and 76.2 ± 9.81 ka for the deepest sample at 185 cmbs (Fig. 7 and Table 1). The two youngest age estimates 
are based on the central age model, for which more than 50% of the grains are consistent, while the lower two are 
based on the most abundant component. OSL age estimates are broadly consistent with the archaeostratigraphy 
and are in proper stratigraphic order. The 12.6 ka age overlaps the YD onset for the sample collected at 103 cmbs.

OSL samples analyzed for WH1 (8WA1221) include those collected at 35, 100, and 130 cmbs (Supplementary 
Fig. 15 and Table 1). The sample at 35 cmbs produced a central age model estimate of 2.07 ± 0.25 ka. The sample 
at 100 cmbs was bimodal and produced ages of 4.25 ± 0.45 and 11.7 ± 1.26 ka. The deepest sample at 130 cmbs 
was also bimodal and produced age estimates of 9.13 ± 1.17 ka and 27.3 ± 3.4 ka. Based on the depths of OSL ages 
from 8WA329, ages for the lower two samples at 8WA1221 are ~ 11.7 and ~ 27.4 ka. However, lacking temporally 
diagnostic artifacts, the true burial age remains unclear. If we accept the youngest age estimates for the lower 
two OSL samples, this may indicate deep sands at WH1 and suggest that YD age sediments and Paleoamerican 
artifacts may be deeper than 1.3 m at this location. Only further testing will help to resolve these questions.

Results
Platinum chemostratigraphy and archaeostratigraphy of units
Platinum analyses were performed on sediment samples from units KU4, PU1, PU7, PU15, PU23, PU25, and 
WH1 to test for the presence of a platinum peak anomaly previously widely documented in North American 
sedimentary sequences in association with the lower Younger Dryas boundary (YDB) dated at ~ 12,800 cal BP 
(Moore et al.5,6) (Fig. 2). Based on previous archaeological excavations at Wakulla Springs (Jones1; Jones and 
Tesar2), contiguous sediment samples were collected at 2.5-cm intervals from unit profiles spanning the inferred 
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Figure 3.   Paleo Unit 1 (PU1) profile and sampling levels at site 8WA329 showing platinum (Pt) abundance 
record in ppb (error =  ± 0.1 ppb) (Supplementary Table 2), OSL age estimates (Table 1), and generalized 
archaeostratigraphic data (A–O) representing multi-modal lithic artifact frequencies. Sediment zones as 
observed visually are indicated by color changes.

Figure 4.   Paleo Unit 7 (PU7) profile at site 8WA329 showing platinum (Pt) abundance record in ppb 
(error =  ± 0.1 ppb) (Supplementary Table 3), OSL age estimates (Table 1), and position of temporally diagnostic 
artifacts. The red arrow indicates the direction of inferred vertical displacement of temporally diagnostic 
artifacts. Sediment zones as observed visually are indicated by color changes.
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Younger Dryas onset level (ca. 12,835–12,735 cal BP) and stratigraphic levels above and below this. Archae-
ostratigraphic data and OSL dates provided chronostratigraphic context for inferring the interval bracketing 
the YD onset and for constraining the interval for contiguous sediment sampling. For PU1, contiguous samples 
were tested between 90 and 140 cmbs. For PU7, contiguous samples were tested between 95 and 130 cmbs. For 
KU4, contiguous samples were tested between 90 and 117.5 cmbs, while PU15 contiguous samples spanned 90 
to 120 cmbs. Intermittent sample intervals were tested for some units higher in the profile to provide background 
values for Pt.

The results reveal the presence of a distinct platinum peak in 6 of the 7 unit profiles tested (Supplementary 
Tables 2–8). A single large Pt anomaly was identified in PU1 at 107.5 to 110 cmbs and in PU7 at 100–102.5 cmbs 
(Figs. 3 and 4). In KU4, there is a moderate Pt anomaly peak at 105 to 107.5 cmbs and several smaller peaks at the 

Figure 5.   Kennard Unit 4 (KU4) profile at site 8WA329 showing platinum (Pt) abundance in ppb 
(error =  ± 0.1 ppb) (Supplementary Table 4), OSL age estimates (Table 1), and position of temporally diagnostic 
artifacts. Sediment zones as observed visually are indicated by color changes.

Figure 6.   Paleo Unit 15 (PU15) profile at site 8WA329 showing platinum (Pt) abundance in ppb 
(error =  ± 0.1 ppb) (Supplementary Table 5), OSL age estimates (Table 1), and position of temporally diagnostic 
artifacts. Sediment zones as observed visually are indicated by color changes. aOSL date is from the adjacent wall 
of the excavation unit.
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same depth and slightly below a Clovis point variant recovered at 96 cmbs (Fig. 5). PU15 has a moderately high 
Pt anomaly peak at 97.5 to 100 cmbs and several smaller peaks slightly deeper (Fig. 6). The archaeostratigraphic 
data and OSL dating suggest that these Pt peaks are all coeval.

Two of the units (PU23 and PU25) reveal smaller Pt peaks at depths consistent with the YD onset (Figs. 7–8 
and Supplementary Figs. 10–14; Supplementary Tables 6 and 7). OSL dates from PU23 (Table 1 and Fig. 7) pro-
vide age estimates that are consistent with the YDB at the same depth as the Pt peak (97.5 to 100 cmbs). PU25 
OSL samples were not dated; however, OSL dates for PU23 a few meters away from P25 provide age constraints 
on the sediments for PU25 (Fig. 8). In addition, sediment geochemistry revealed a moderate Pt anomaly in PU25 
at a depth of 100 and 102.5 cmbs, consistent with the Pt peak in PU23. PU25 also has an in-situ Paleoamerican 
Simpson Point recovered ~ 10 cm below the Pt anomaly.

Only one unit studied (WH1, about a kilometer to the south) failed to exhibit a clear Pt peak as in all the other 
profiles. Instead, this unit revealed minor platinum increases randomly distributed throughout the sequence 
(Supplementary Fig. 15 and Supplementary Table 8) possibly due to significant post-depositional mixing.

Fe‑rich microspherules
Sediment samples were processed from PU23 and PU25 and examined using a binocular microscope in search 
of silt to fine sand-sized iron-rich magnetic microspherules. This revealed abundant microspherule peaks in both 
units at the same depths as the platinum peak anomalies (Figs. 7, 8, 9a–i, 19 and Supplementary Tables 9–10). 
Much smaller numbers of spherules were found both above and below the spherule peaks. A similar pattern 
is observed for secondary platinum peaks both above and below the largest Pt peak for several of these units. 
This is to be expected for highly bioturbated sandy sediment sequences (Moore et al.34). Analyses of spherules 
using scanning electron microscopy (SEM) and energy-dispersive x-ray spectroscopy (EDS) show these to be 
predominantly Fe-oxide–rich (FeO, Fe3O4, or Fe2O3), with dendritic or quench textures due to melting and rapid 
cooling (Firestone11; Wittke14; LeCompte15). Many spherules are hollow and thin-walled, indicative of outgassing 
during high-temperature melting. Compositionally, Fe-rich microspherules from Wakulla Springs average 67% 

Figure 7.   Paleo Unit 23 (PU23) profile at site 8WA329 showing platinum (Pt) abundance in ppb 
(error =  ± 0.1 ppb) (Supplementary Table 6), OSL age estimates (Table 1), microspherule abundances (spherules/
Kg) (Supplementary Table 9), and depths for temporally diagnostic artifacts.
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Fe, 25% oxygen, with small amounts of Si (average = 0.85%) and Al (average = 0.4%) along with traces of REEs 
and PGEs (see Supplementary Table 11).

High‑temperature minerals in spherules
Several previous investigations identified various minerals as key indicators in forming high-temperature iron-
rich microspherules12,19,38. To investigate, we used SEM–EDS to identify any potentially high-temperature min-
erals. Analyses were performed at two university laboratories, which produced consistent results. We acquired 
58 measurements on spherules, all of which were composed of magnetite (Fe3O4, melting point =  ~ 1590 °C), 
low oxygen wüstite (FeO, ~ 1590 °C), and titanomagnetite (TiFe2O4, ~ 1625 °C). The Wakulla spherules were 
enriched in Pt in 27/58 SEM–EDS analyses (Pt melting point = 1768 °C), Ir (50/58 analyses; 2466 °C), and other 
PGEs Spherules were also variously enriched in Cr (47/58 analyses; melting point = 1907 °C), Co (12/58 analy-
ses; 1495 °C), and Ni (39/58 analyses; 1455 °C) (See Supplementary Table 11 for EDS data of high-temperature 
minerals and Supplementary Table 12 for melting points).

Bayesian analyses
We used Bayesian analyses to test the hypothesis that the Pt and dendritic microspherule layer may serve as a 
chronostratigraphic marker (Figs. 10, 11, 12, 13, 14). For five sequences at Wakulla, separated by up to 150 m, 
we acquired one or more OSL date for each section, collected culturally datable artifacts (lithics), and identified 
a layer containing anomalously high concentrations of platinum and iron-rich microspherules. We performed 
Bayesian analysis using the program OxCal v4.4.4, r:535 (InCal2036) for each profile. We plotted OSL dates, the 
age of the Pt anomaly 12,785 ± 50 cal BP (12,835–12,735 cal BP) as determined from GISP2 and other well-dated 
YDB sites4,5,37, and the age ranges of culturally identifiable lithics. The OSL dates had high uncertainties, typically 
ranging from 1000 to 2000 years, making for low precision and accuracy for the age-depth models produced 
using OSL alone. In contrast, the Bayesian analyses incorporating the ages of the Pt anomaly and lithics displayed 
much higher statistical certainty of ± 85–200 years. The Pt peaks’ chronostratigraphic positions are statistically 
supported by the Bayesian analyses, with a high Agreement Index of 95 or greater for all unit profiles tested 
(lower acceptable limit is ≥ 60), confirming its utility as a chronostratigraphic marker for the YD onset. The data 
tables and coding used in the Bayesian modeling, are provided in the Supplementary Information “Bayesian 
Data.” Supplementary Tables 13–17.

Sediment depositional history of units: granulometry
An understanding of environments of sediment deposition is important for the interpretation of archaeostratigra-
phy, including determining relative levels of buried occupation surfaces or zones (Moore et al.34). This is especially 

Figure 8.   Paleo Unit 25 (PU25) profile at site 8WA329 showing platinum (Pt) abundance in ppb 
(error =  ± 0.1 ppb) (Supplementary Table 7), OSL age estimates (Table 1), from PU23 (for stratigraphic 
comparison), microspherule abundances (spherules/kg) (Supplementary Table 10), and stratigraphic position of 
an in-situ Early Paleoamerican Simpson Point.
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crucial for the relatively uniform sediment sequences of the Southeast Coastal plain that lack observable deposi-
tional subdivisions dominated by medium to fine quartz sands with minimal texture differences. Nevertheless, 
sequences are often marked by either general upward fining or coarsening of sediment sequences that represent 
discrete depositional episodes. Importantly, the top of each of these depositional episodes represents a former 
(now buried) surface that may have been available for prehistoric occupation (Brooks and Sassaman39).

Below, we briefly describe changes in granulometry data for four unit profiles at Wakulla Springs: KU4, PU1, 
PU23, and PU25 using bivariate plots of mean grain size and skewness statistical parameters. Bivariate analysis of 
sand fraction statistical parameters is often employed in search of evidence for stratigraphic integrity for potential 
subdivisions in sedimentary sequences (Moore et al.34). Presence of non-overlapping contiguous clusters with 
changing depth can reveal coherent sedimentary layers that are otherwise visually undetectable. Our statistical 
analyses of sand and silt/clay fractions and related interpretations of depositional environments are summarized 
in the Supplementary Information “Granulometry Data”.

KU4 granulometry
A plot of mean grain size and skewness by sample depth (Fig. 15) reveals three broadly definable sediment 
stratigraphic zones with minimal overlap (Zones I-III). This suggests that sediments within at least portions of 
KU4 generally maintained their stratigraphic integrity despite post-depositional bioturbation by tree roots, bur-
rowing animals, and/or ants. Supporting this interpretation, temporally-diagnostic artifacts are mostly found to 
be in the correct chronostratigraphic order, except for an upwardly displaced Early Archaic Bolen point (Fig. 5). 
The YDB Pt peak in stratigraphic Zone III (Fig. 5) occurs near the base of this excavation unit, ~ 10 cm below a 
Clovis-like point (Supplementary Table 4).

PU1 granulometry
A bivariate plot for PU1 of mean grain size and skewness by sample depth (Fig. 16) reveals five broadly defin-
able sediment stratigraphic zones (Zones I-V) exhibiting little overlap. As with KU4, this analysis suggests 
stratigraphic integrity for PU1, although clear evidence exists for bioturbation and krotovina (filled-in animal 
burrows). In addition, the vertical distribution of temporally-diagnostic hafted bifaces (Supplementary Fig. 9) 
provides evidence of artifact displacement. An Early Archaic Bolen Point was displaced upward in Zone II 
and a small unweathered and heat-treated stemmed point in Zone III was displaced downward suggesting 

Figure 9.   SEM images of iron-rich microspherules (a–i) from PU25 (102.5—105 cmbs). See “Microspherule 
EDS Data” in Supplementary Figs. 16–22. EDS elemental map data and point EDS measurements suggest 
that significant oxygen depletion had occurred on exposed interior surfaces of the broken spherule (Fig. 9a) 
(Supplementary Fig. 16).
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limited reworking. Nevertheless, the multimodal lithic stratigraphic frequencies (Fig. 3) suggest relatively intact 
archaeostratigraphy, with multiple buried surfaces and/or zones shown by the granulometry and artifact data. 
PU1 exhibits a platinum peak in Zone IV indicating the YDB layer at ca. ~ 12,800 cal BP (Fig. 3). Overall, the 
sedimentology, multiple artifact frequency modes by level, and the presence of the Pt peak support stratigraphic 
integrity in PU1 with limited and spatially-heterogeneous post-depositional disturbance.

PU23 and PU25 granulometry
The bivariate plots for both PU23 and PU25 (Figs. 17 and 18) reveal a sequence of relatively discrete strati-
graphic zones. PU23 exhibits 4 broadly definable sediment stratigraphic zones with little overlap (Fig. 17). Zone 
I represents sediment within the upper ~ 80 cm of modern leveling and fill which are readily distinguished 
from underlying in-situ sediments (Zones II through IV). Zone II represents sediment samples from ~ 80 to 
125 cmbs, which contain most artifacts in this unit, including an Early Archaic Bolen Point (104 cmbs), a large 
Paleoamerican unifacial scraper/graver (111 cmbs), and a Turtleback Scraper (106 cmbs). Zone II (Fig. 17) also 
exhibits the Pt peak at 97.5–100 cmbs which is close to but slightly offset from an OSL date of 12.6 ± 1.55 ka at 
103 cmbs. The well-established age of 12.8 ka for the Pt peak (Petaev et al.4, Moore et al.5) suggests that the Bolen 
Point was displaced slightly downward into older sediments. This interpretation is consistent with the presence 
of deeply buried Bolen-age animal bone fragments that were likely deposited in intrusive anthropogenic pits. 
Based on artifact characteristics and distribution, the large unifacial scraper/graver is Paleoamerican in age and 
occurs close to the same horizon of an in-situ Simpson Point in nearby PU25. This observation is also consist-
ent with the depth of an inferred paleo-surface inferred from sediment changes at ~ 110–112.5 cmbs in PU23 
and ~ 107.5–110 cmbs in PU25. Both of these artifacts occurred stratigraphically below the Pt peak in each unit.

The bivariate plot of sediments for PU25 reveals 5 relatively discrete stratigraphic zones with minimal overlap 
(Fig. 18). As with PU23, Zone I sediments represent historic fill produced by leveling of property near the Wakulla 
Lodge. Zone II, below this historic fill, contains the Pt peak at 100–102.5 cmbs. The granulometry data (Fig. 18), 
suggests a useful intact stratigraphic sequence indicating that the age of the Simpson Point is earlier than the YD 

Figure 10.   Bayesian analyses to test the utility of YDB Pt anomaly in Paleo Unit 1 (PU1). Age-depth model 
using 2 OSL dates (black text; Table 1, Fig. 3) and the Pt peak (green text and arrow). The Pt anomaly has 
a previously determined datum age range of 12,785 ± 50 cal BP (12,835–12,735 cal BP)4,5. The Pt peak’s 
chronostratigraphic position is statistically supported with an Agreement Index of 100 (lower limit ≥ 60), 
confirming its utility as a chronostratigraphic marker.
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onset (12.8 ka). The Pt peak (in Zone II), located ~ 10 cm higher than the Simpson Point (in Zone III), suggests 
a potential early Paleoamerican or even pre-Clovis age for the Simpson Point. Further excavations, including a 
search for additional early Paleoamerican diagnostic hafted bifaces, should assist with testing this interpretation.

Discussion
Analyses of sediment samples from multiple archaeological test units at Wakulla Springs indicate that elevated 
platinum concentrations provide a useful chronostratigraphic datum for the onset of the Younger Dryas (12,835 
to 12,735 cal BP), as previously established in Greenland ice cores (Petaev et al.4), North American sedimentary 
sequences (Moore et al.5,6), and numerous other studies globally (Pino et al.16; Moore et al.19; Thackeray et al.40). 
Iron-rich microspherules at the Wakulla Springs site are more broadly distributed but have distinct peaks cor-
responding to the largest Pt peak anomalies.

Of the 7 excavation unit sequences tested, 6 exhibit the YDB Pt peak, including two units (PU1 and PU7) 
with large Pt peaks that are supported with OSL age determinations consistent with a YD onset age (~ 12.8 ka) 
(Figs. 3, 4, 5, 6, 7, 8, 19). Bayesian analyses of assemblages of OSL dates, platinum peaks, and culturally dated 
artifacts demonstrate a high Agreement Index of 95 or greater for all profiles tested (minimum acceptable 
limit of ≥ 60). This finding is in agreement and further reinforces the utility of the widespread Pt anomaly as a 
chronostratigraphic marker. Depths for Pt peaks average 103 cmbs for all units with only ~ 10 cm of depth vari-
ation across all units. Several units (PU15, KU4, and PU25) have smaller, multimodal Pt peaks both above and 
below the largest Pt peak. These secondary peaks likely resulted from post-depositional bioturbation typical for 
such sandy sediments; however, in all cases, the highest abundance peak of Pt is consistent with YD onset age 
based on OSL dating, archaeostratigraphy, and Bayesian modeling. Two of the units were analyzed for iron-rich 
microspherules and exhibited abundance peaks in close association with the Pt anomalies.

Smaller but still anomalous Pt peaks occur in units PU23, PU25, and PU15. In units PU23, PU1, and PU7, Pt 
peaks are bracketed by OSL age estimates and archaeostratigraphic data that are consistent with the early Younger 
Dryas. In addition, analysis of sediments from unit KU4 revealed a Pt peak at 105–107.5 cmbs slightly (10 cm) 

Figure 11.   Bayesian analyses to test the utility of YDB Pt peak in Paleo Unit 7 (PU7). Age-depth model using 
3 OSL dates (black text; Table 1, Fig. 4) and the Pt peak (green text and arrow). The Pt anomaly has a previously 
determined datum age range of 12,785 ± 50 cal BP (12,835–12,735 cal BP)4,5. The Pt peak’s chronostratigraphic 
position is statistically supported with a high Agreement Index of 100 (lower limit ≥ 60), confirming its utility as 
a chronostratigraphic marker.
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below the depth of a Clovis-like/Suwannee-type point recovered from that unit in 2017, possibly indicating a 
small upward displacement of this early Paleoamerican artifact (Fig. 5).

Unit PU25 contains a Paleoamerican Simpson Point ~ 10 cm deeper than the Pt anomaly and may indicate 
a pre-Clovis age for this variant in Florida, as suggested by Dunbar et al.41 (Fig. 8). Recovery in 2008 of a Clovis 
prismatic blade tool at 0.97 m below the surface ~ 10 m away is a consistent age with the other Clovis tools. The 
Simpson Point in PU25 (Fig. 18) and a large scraper in PU23 (Fig. 17) were both collected ~ 1.1 m below the 
surface and 10 cm below the Pt anomaly, suggesting that the Clovis and Simpson occupations may have been 
coeval. However, in other units at Wakulla, the Clovis and Simpson artifacts are separated stratigraphically 
and chronologically and thus, likely represent two separate cultures. Based on their stratigraphic distribution 
in our investigation we consider the Simpson Point as being the older of the two. An early temporal placement 
for Simpson Points in Florida as suggested here indicates that the Vickery Mastodon fossil (Vickery Mastodon) 
recovered from the nearby Wakulla River (radiocarbon dated to ~ 13,500 cal BP) may be associated with a pre-
Clovis Simpson occupation of the springs (Hemmings and Dunbar42).

Depths for Pt anomalies vary between ~ 97.5 to 110 cmbs (a range of only 12.5 cm) between all units tested 
(Fig. 19). Platinum peaks are present in PU1 at 107.5 to 110 cmbs, PU7 at 102.5 to105 cmbs, PU15 at 97.5 to 
100 cmbs, KU4 at 105 to 107.5 cmbs, PU23 at 97.5 to 100 cmbs, and PU25 at 100 to 102.5 cmbs. Using the Pt 
peak as a YDB datum (~ 12.8 ka), average sedimentation rates for each unit range between 0.78 and 0.86 cm of 
deposition per century. Actual sedimentation rates likely varied considerably, with bursts of eolian and slopewash 
sedimentation occurring during droughts or periods of excessive precipitation associated with climatic shifts 
(Moore et al.34) Given the distance between the excavation units of 2017 and the Wakulla Lodge units of 2018 
(Fig. 2), these depths and sedimentation rates are remarkably similar and indicate a level of stratigraphic continu-
ity between excavations and across the landform despite historic land clearance, leveling, and varying topogra-
phy. It also indicates that future excavations at the Wakulla Lodge are likely to encounter Clovis and pre-Clovis 
artifacts at depths below ~ 1 m to as deep as 1.5 m depth as Calvin Jones identified in 1995 (Jones1 and Jones and 

Figure 12.   Bayesian analyses to test the utility of YDB Pt peak in Kennard Unit 4 (KU4). Age-depth model 
using 3 OSL dates (black text; Table 1, Fig. 5), the Pt peak (green text and arrow), and the cultural age ranges of 3 
culturally identifiable lithic artifacts (orange text; Fig. 5). OxCal rejected one young OSL date (red) as statistically 
unlikely (low probability = 10). A probable unconformity (purple text), below the Pt peak is suggested by an OSL 
date with a low Agreement Index of 36. The Pt peak’s chronostratigraphic position is statistically supported with 
a high Agreement Index of 98 (lower limit ≥ 60), confirming its utility as a chronostratigraphic marker.
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Tesar2). OSL ages also indicate that in most areas, sediments deeper than ~ 1.3 to 1.5 m below the modern surface 
are especially old (pre-LGM). The sequences at Wakulla Springs clearly exhibit evidence of vertical sediment 
mixing based on displaced artifacts and temporally multiple ages of sand grains. Nevertheless, relatively solid 
archaeostratigraphic integrity, and distinct sedimentary zones (Figs. 15, 16, 17, 18) may reflect changes in the 
landscape and associated sedimentary processes. These changes likely resulted from millennial-scale climatic 
changes with episodes of eolian sand sheet deposition (e.g., PU23 and PU25) and localized slope-wash reworking 
(the KU units near the slope), followed by episodes of landform stability, and subsequent human occupation34.

The presence of broad peaks in iron-rich microspherules at or close to platinum peaks for PU23 and PU25 
(Fig. 19) is consistent with previous Younger Dryas Impact Hypothesis (YDIH) studies showing dendritic, Fe-
rich spherules distributed within stratigraphic units globally dated to the YD onset (e.g., Firestone et al.11; Wittke 
et al.14). Along with the platinum anomalies, the presence of iron-rich microspherules is consistent with previous 
evidence for an extra-terrestrial impact of a fragmented comet and atmospheric input of platinum-rich dust and 
predominantly silt-sized microspherules in addition to other reported impact related proxies between 12,835 and 
12,735 cal BP (Kennett et al.37). As discussed by Moore et al.5,6, the platinum peak anomaly has demonstrated util-
ity as a precise chronostratigraphic marker for the YD onset in sedimentary sequences across North American, 
South America, South Africa, and Eurasia (Moore et al.5,6; Pino et al.16; Thackeray et al.40; Moore et al.5,6). This 
finding is now replicated for the first time from multiple archaeological sequences at Wakulla Springs, Florida 
that also display temporally correlated microspherule peaks.

While microspherule peaks are present and coeval with Pt anomalies, the microspherules at Wakulla Springs 
are more broadly dispersed in lower abundances (Fig. 19f,h) above and below the YD onset due to post-deposi-
tional bioturbation and pedogenic modifications (i.e., illuviation/leaching) in sandy sediments that lack strongly 
developed soil structure. In contrast, the presence of more stratigraphically restricted platinum peaks implies 
less stratigraphic mobility for nano-scale, platinum-rich dust likely bound up in thin clay skins on sand grains. 
This argues for the use of platinum testing over searching for microspherules as a rapid and effective approach 
to locate the chronostratigraphic position of the YD onset, both for paleoenvironmental reconstructions and use 

Figure 13.   Bayesian analyses to test the utility of YDB Pt peak in Paleo Unit 15 (PU15). Age-depth model 
using 2 OSL dates (black text; Table 1, Fig. 6), the Pt peak (green text and arrow), and the cultural age ranges of 
2 culturally identifiable lithic artifacts (orange-brown text; Fig. 6). The Pt peak’s chronostratigraphic position 
is statistically supported with a high Agreement Index of 100 (lower limit ≥ 60), confirming its utility as a 
chronostratigraphic marker.
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in early Paleoamerican studies. Nevertheless, the stratigraphic distribution of microspherules remains a valuable 
additional proxy for identifying the YD onset, including in sequences where Pt data is not available.

The stratigraphic distribution of Pt anomalies for identifying the YD onset (ca. 12.8 ka) has proved invaluable 
at Wakulla Springs for inferring the relative chronostratigraphic levels for Clovis versus the Suwannee/Simpson 
technocomplex and provide a new archeological tool for evaluating the relative age of other Paleoamerican 
morphometric subtypes common in Florida.

Origin of high‑temperature minerals in microspherules
Here, we consider and compare alternate potential explanations to account for the high-temperature minerals 
in microspherules recovered from the Wakulla units. These include anthropogenesis, biomass burning, and 
cosmic impact.

Formation by anthropogenesis
In the investigation of dozens of different types of fly ash produced anthropogenically, it was found that Cr is 
typically enriched < 3 ppm43,44, compared to an average of 16,000 ppm (1.6 wt%) for Wakulla, a concentration 
more than 5000 × larger. Ni in fly ash was at < 550 ppm43,44, compared to 6300 ppm (0.63 wt%) at Wakulla. The 
maximum Pt concentration reported was 0.25 ppm, compared to 1209 ppm at Wakulla, 4800 × larger than fly 
ash45. Concentrations of these minerals are typically low in anthropogenic spherules, such as fly ash8,9,12,19,38 thus, 
it seems unlikely that the Wakulla microspherules are fly ash, and of anthropogenic origin.

Formation by biomass burning
Moore et al.19 investigated the formation of melted YDB spherules by biomass burning, including haystack fires 
and midden fires. In biomass-burning samples investigated, they observed numerous low-temperature melted 
grains, including plagioclase and feldspar, with melting points of ~ 1200 °C, consistent with a temperature range 

Figure 14.   Bayesian analyses to test the utility of YDB Pt peak in Paleo Unit 23 (PU23). Age-depth model 
using 3 OSL dates (black text; Table 1, Fig. 7), the Pt peak (green text and arrow), and the cultural age ranges 
of 3 culturally identifiable lithic artifacts (orange text; Fig. 7). The Pt peak’s chronostratigraphic position 
is statistically supported with a high Agreement Index of 95 (lower limit ≥ 60), confirming its utility as a 
chronostratigraphic marker.
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of 1155–1290 °C46, approximately the melting point of bulk sediment (Supplementary Table 12). However, no 
Fe oxide microspherules were found which is of significance because these melt at > 1590 °C. This observation 
suggests that Wakulla microspherules did not form during biomass burning.

Formation by cosmic impact
When present in microspherules, minerals containing high concentrations of Cr, Ni, Co, Pt, Ir, and the other 
PGEs are commonly proposed to represent markers of extraterrestrial events8,9,12,47–50. These elements have 
melting points ranging from 1430° to 2466 °C (Supplementary Table 12), much higher than for melt products 
of anthropogenesis and biomass burning. Furthermore, the presence of high concentrations of these high-
temperature elements is consistent with the Pt and dendritic microspherule abundances considered of impact 
origin at other sites6–8. In addition, wüstite, an unstable, low-oxygen form of iron oxide that tends to oxidize 
rapidly, is a highly reduced mineral that rarely occurs under natural terrestrial conditions. However, wüstite is 
common in meteorites and materials produced during impact events under oxygen-deficient conditions12,16,38.

Thus, the most plausible hypothesis that matches the evidence is that Wakulla microspherules include cos-
mic impactor material (e.g., Pt, Ir, Cr, Co, Ni, and wüstite). The peak concentration of sedimentary Pt is closely 
associated with Pt-enriched microspherules, supporting Pt’s proposed utility as a chronostratigraphic datum.

Conclusions
A peak abundance anomaly of platinum and iron-rich microspherules has previously been proposed as a chron-
ostratigraphic marker for the lower Younger Dryas Boundary (YDB) dating to ca. 12,835 to 12,735 cal BP. In this 
study, we tested this hypothesis through analysis of multiple units of sandy, weakly stratified sediment at Wakulla 
Springs, Florida in search of YDB peaks in platinum and microspherules. In multiple sediment sequences, our 
work revealed distinct abundance peaks in platinum and dendritic microspherules, found at other sites to mark 
the YD onset (12.8 ka), thus providing a valuable chronostratigraphic datum. The ~ 12,800-year-old age of the Pt 
anomaly is statistically supported by Bayesian age/depth modeling with high Agreement Indexes of 95 or higher. 
Ages inferred for the multiple Wakulla Springs units are based on this chronostratigraphic datum and are gener-
ally supported by the archaeological data and OSL dating. This datum has proven useful for intersequence cor-
relation and for assessing relative ages of Paleoamerican artifacts, including those of likely Clovis, pre-Clovis, and 
post-Clovis age, in addition to evaluating responses to environmental changes known to have occurred during 

Figure 15.   Bivariate plot of mean grain size and skewness for sediments from KU4 at Wakulla Springs 
(8WA329) showing sedimentary zones and sample depths, the location of the Pt peak, and Late Archaic, Early 
Archaic, and Paleoamerican temporally diagnostic hafted bifaces. Note: Colored zones represent contiguous 
samples by depth (cmbs).
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Figure 16.   Bivariate plot of mean grain size and skewness for sediments from PU1 at Wakulla Springs 
(8WA329) showing sedimentary zones and sample depths, the Pt peak, and Late Archaic and Early Archaic 
temporally diagnostic hafted bifaces. Note: Colored zones represent contiguous samples by depth (cmbs).

Figure 17.   Bivariate plot of mean grain size and skewness for sediments from Paleo Unit 23 (PU23) at Wakulla 
Springs Lodge (8WA329) showing sedimentary zones and sample depths, Pt peak, and Early Archaic [Bolen 
Point] and Paleoamerican temporally diagnostic lithic artifacts. Note: Colored zones represent contiguous 
samples by depth (cmbs).



18

Vol:.(1234567890)

Scientific Reports |        (2023) 13:22738  | https://doi.org/10.1038/s41598-023-50074-8

www.nature.com/scientificreports/

the Younger Dryas climatic episode. OSL dating results are also useful in the determination of the degree of 
post-depositional bioturbation and therefore also have geoarchaeological value beyond its original intended use.

Post-depositional mixing of sediments through bioturbation may blur platinum and microspherule peaks; 
however, platinum peaks, when present, appear to be a robust chronostratigraphic datum of the YD onset. We 
speculate that this is because nano-scale platinum-rich dust is pedogenically bound-up in thin clay coatings on 
sand grains. In particular, the coarser fraction of sand appears likely to be less mobile stratigraphically due to 
bioturbation that tends to transport fine sands both higher and lower in the sandy sediments. This size-sorting of 
different sized sand grains may also explain why multiple age populations of sand grains (indicating mixing) are 
revealed by the OSL analyses which use the fine sand fraction (i.e., 180–212 micron) for dating. Microspherules 
appear more mobile stratigraphically due to their sizes which range from coarse silt to fine sand, but still, they 
broadly correlate with platinum peaks.

In this study, the platinum and microspherule peaks suggest that Paleoamerican Simpson Points may be either 
coeval with Clovis or pre-Clovis in age and not post-Clovis as has been assumed. Further work will be needed to 
confirm this, including additional testing of sediment sequences for platinum and microspherules peaks at other 
sites in Florida. In summary, our work at Wakulla Springs confirms the utility of abundance peaks in platinum 
and microspherules as a robust chronostratigraphic datum, approximately marking the onset of the Younger 
Dryas climate episode ~ 12,800 years ago.

Materials and methods
Geochemistry (Pt, Pd, Au)
For geochemical analysis, sediment samples were collected in the field directly from cleaned archaeological unit 
profiles, stored in plastic bags, and allowed to air dry over several days. Bulk sediment samples then were dry 
sieved using a 63-micron sieve to separate the silt and clay fractions from the sand. The silt and clay fraction 
were then weighed and repackaged in a plastic bag for shipment to Activation Laboratories Inc. (Actlabs) for 
“1C-Research” analysis. Sediment samples of ~ 50 g are required for the "1C-Research" analysis.

Activation Laboratories Inc. (Actlabs), used fire-assay (FA) and inductively coupled plasma mass spectrom-
etry (ICP-MS) following Hoffman and Dunn51, to measure elemental concentrations of the sediment samples 
from all sites. Before analysis, each sample is mixed with fire assay fluxes (borax, soda ash, silica, litharge), and 
silver (Ag) is added as a collector. The mixture is placed in a crucible and preheated at 850 °C, intermediate at 
950 °C, and finished at 1060 °C for a total of 60 min. After the crucibles are removed from the assay furnace, the 
molten slag is poured into a crucible leaving a lead button, which is then preheated to 950 °C to recover the Ag 
(doré bead) plus Au, Pt, and Pd.

Figure 18.   Bivariate plot of mean grain size and skewness for sediments from Paleo Unit 25 (PU25) at 
Wakulla Springs (8WA329), showing sedimentary zones and sample depths, Pt peak, and location of in-situ 
Paleoamerican Simpson Point at 110 cmbs. Note: Colored zones represent contiguous samples by depth (cmbs).
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The Ag doré bead is digested in hot (95 °C) HNO3 + HCl with a special complexing agent to prevent the Au, 
Pd, and Pt from adsorbing onto the test tube. After cooling for 2 h the sample solution is analyzed for Au, Pt, 
and Pd using a Perkin Elmer Sciex ELAN 9000 ICP-MS. On each tray of 42 samples, there are 2 method blanks, 
3 sample duplicates, and 2 certified reference materials. The ICP-MS is recalibrated every 45 samples. Smaller 
sample splits are used for high chromite or sulfide samples. Measurements are reported in parts per billion (ppb) 
with a lower limit of detection for Pt at 0.1 ppb.

SEM–EDS
SEM–EDS analyses were conducted using a JEOL-6000 SEM system at Elizabeth City State University and a 
ThermoFisher Apreo 2 at the University of Oregon (Supplementary Table 11). For EDS wt% > 1%, uncertainties 
are ± 10%. For wt% ≤ 1%, uncertainties are approximately ± 50%.

Luminescence dating (OSL)
OSL samples were collected in light-tight containers (i.e., 2-cm-diameter copper tubing) taken from cleaned 
sediment sequence exposures. Sample tubes were removed and capped in the field along with bulk moisture/dose 
rate determination samples taken from each sample location. All samples for luminescence dating from 8WA329 
(n = 18) and 8WA1221 (n = 3) were submitted to J. Feathers at the University of Washington for single-grain OSL 
dating. See Supplementary text “Luminescence Dating Methods” for details of OSL dating.

Granulometry
Methodologically, standard sieve analysis procedures were used (Folk52). Bulk samples were first dried then split 
and weighed. Dry sieving of each sample was conducted using standard USGS sieves (−1 through 4 phi) and 
consisted of sieving for 10 min before weighing each sieve fraction on a digital scale.

Figure 19.   Platinum and microspherule data for 6 Wakulla excavation sequences. Graphs show platinum 
(Pt) abundance in ppb (error =  ± 0.1 ppb) (a–e, g), iron-rich microspherules/kg for PU23 (f) and PU25 (h), 
interpreted level of YDB layer (blue bar), and positions of temporally-diagnostic Paleoamerican artifacts for 
KU4 (d), PU23 (e), and PU25 (g).
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The traditional phi grade scale was used after Folk and Ward53:

where d = grain diameter in mm.
The GRADISTAT program (Blott and Pye54) was used to calculate sand-sized-fraction grain size statistical 

parameters. This program is integrated into an Excel spreadsheet database and allows rapid analysis of large 
numbers of samples for grain-size analysis using a variety of methods. As stated above, the standard logarithmic 
scale (phi scale) of Folk and Ward53 graphical methods was used in this analysis. These measures include graphic 
mean grain size, inclusive graphic standard deviation, inclusive graphic skewness, and graphic kurtosis (Folk52; 
Folk and Ward53). The sand fraction and total fines (silt + clay) percentages are also calculated for each sample.

Microspherule analysis
For analysis of sediment samples for magnetic microspherules, samples are weighed and then ultrasonicated 
for 30 min with a chemical dispersant (sodium metaphosphate). Following ultrasonication, samples are wet-
sieved over a 20-micron sieve and dried under a heat lamp. Processed samples are then size sorted and sediment 
fractions between < 125 and ≥ 63 microns are spread thinly on a large sheet of paper. A neodymium magnet is 
placed inside a plastic bag and slowly moved over the size-sorted sediment fractions to extract the magnetic 
grains if present. This process is repeated three times to extract the majority of magnetic grains. These grains are 
then examined under a stereo binocular microscope to determine if microspherules are present. When present, 
microspherule candidates are counted and a sample is placed on carbon SEM tape for analysis by scanning elec-
tron microscopy (SEM) and energy-dispersive x-ray spectroscopy (EDS) analysis. Only SEM and EDS analysis 
is able to confirm the identification of dendritic microspherules (LeCompte et al.15). The spherule counts and 
total sediment sample weight are used to estimate spherules/Kg for each sample.

Data availability
All data generated or analyzed during this study are included in this published article [and its supplementary 
information files].
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